In the environment and during infection, the human intestinal pathogen Vibrio cholerae must overcome noxious compounds that damage the bacterial outer membrane. The El Tor and classical biotypes of O1 V. cholerae show striking differences in their resistance to membrane disrupting cationic antimicrobial peptides (CAMPs), such as polymyxins. The classical biotype is susceptible to CAMPs, but current pandemic El Tor biotype isolates gain CAMP resistance by altering the net charge of their cell surface through glycine modification of lipid A. Here we report a second lipid A modification mechanism that only functions in the V. cholerae El Tor biotype. We identify a functional EptA ortholog responsible for the transfer of the amino-residue phosphoethanolamine (pEtN) to the lipid A of V. cholerae El Tor that is not functional in the classical biotype. We previously reported that mildly acidic growth conditions (pH 5.8) downregulate expression of genes encoding the glycine modification machinery. In this report, growth at pH 5.8 increases expression of eptA with concomitant pEtN modification suggesting coordinated regulation of these LPS modification systems. Similarly, efficient pEtN lipid A substitution is seen in the absence of lipid A glycinylation. We further demonstrate EptA orthologs from non-cholerae Vibrio species are functional.
Introduction
The pathogenic gram-negative bacterium Vibrio cholerae is the causative agent of cholera, a life-threatening disease characterized by severe watery diarrhea that causes dehydration. Despite important advances in V. cholerae research, this microorganism remains a substantial global threat to human health infecting millions of people every year. V. cholerae serogroup O1, which is subdivided into two biotypes, termed classical and El Tor, has been responsible for all seven pandemics. El Tor biotype strains are the causative agent for the current pandemic (Kaper et al., 1995) .
Since 1961, resistance to the lipopeptide antibiotic polymyxin has been used to clinically distinguish between El Tor and classical biotypes (Gugnani and Pal, 1974) . The O1 classical biotype is sensitive to polymyxins, whereas strains of the El Tor biotype are highly resistant. Polymyxin B and polymyxin E (colistin) are cationic antimicrobial peptides (CAMPs) that differ in one amino acid. They are positively charged, highly amphipathic and relatively hydrophobic (Kwa et al., 2008) . Based on these features, polymyxins and other CAMPs bind to and disrupt the bacterial cell envelope by associating with negatively charged membrane components (Zasloff, 2002; Brown and Hancock, 2006) . Since CAMPs are ubiquitous in nature and are important components of the innate immune response, many bacteria have evolved various mechanisms to increase bacterial fitness in the presence of these peptides.
In the case of gram-negative organisms, various CAMPs that include the polymyxins target the anionic lipid A domain of lipopolysaccharide (LPS). LPS resides in the surface-exposed outer leaflet of the gramnegative outer membrane with the lipid A moiety serving as the membrane anchor of LPS (Henderson et al., 2016) . Changes in lipid A structure can alter the outer membrane permeability barrier and affect resistance to CAMPs, as well as various antibiotics. Furthermore, since lipid A is the bioactive portion of LPS that is recognized by the innate immune system, remodeling of the lipid A structure greatly influences the host inflammatory response (Needham and Trent, 2013; Scott et al., 2017) . In Escherichia coli K-12, the negatively charged hydrophilic backbone of lipid A consist of a b-1 0 ,6-linked glucosamine disaccharide that is phosphorylated at the 1-and 4 0 -positions. During growth in rich medium or in the presence of high Mg 21 concentrations, an additional phosphate is added to the 1-position by the phosphotransferase LpxT further increasing the negative charge of the lipid A backbone ( Fig. 1 ) (Raetz et al., 2007) . The hydrophobic portion of E. coli lipid A consists of six acyl chains in total, with four hydroxyl-myristoyl chains linked to the disaccharide backbone at the 2, 3, 2 0 , 3 0 -positions and two secondary acyl chains, laurate and myristate, attached to 2 0 and 3 0 -acyl chains respectively ( Fig. 1 ) (Raetz, 1990) . Overall the lipid A structure of V. cholerae and E. coli are similar, with minor differences in acyl chain composition and absence of the LpxT-dependent phosphate group at the 1-position in V. cholerae. Most bacteria display lipid A structural variants in response to environmental signals such as changes in the pH, concentration of divalent cations, or in the presence of sub-inhibitory concentrations of antimicrobial peptides (Gunn, 2001; Trent, 2004) . Best studied in E. coli and Salmonella, the PmrAB two-component system regulates the chemical modification of lipid A phosphate groups. PmrA upregulates the synthesis of the 4-aminodeoxy-aminoarabinose (L-Ara4N) transferase ArnT and Fig. 1 . Comparison of the lipid A species found in E. coli and V. cholerae LPS. In polymyxin sensitive E. coli the predominant lipid A species is hexa-acylated and phosphorylated at 1-and 4 0 -positions. LpxT transfers a second phosphate group (brown) to the 1-position. Under conditions that activate expression of E. coli ArnT and EptA, phosphate groups are decorated with L-4-aminoarabinose (L-Ara4N, green) and phosphoethanolamine (pEtN, blue) respectively. PagP activation promotes the addition of a palmitoyl acyl chain (C16:0) (black) at the 2-position, yielding a hepta-acylated structure. In V. cholerae, the basic lipid A structure is similar to E. coli, but varies in the length of acyl chains. The Alm proteins (AlmE, AlmF and AlmG) are required for the modification V. cholerae lipid A with glycine or diglycine (red) residues at the 3-OH group of 3 0 -linked secondary acyl chain. In the current work, we demonstrate the V. cholerae El Tor strains, but not classical V. cholerae, can also modify both phosphate groups of lipid A with pEtN residues (blue).
the phosphoethanolamine (pEtN) transferase EptA, enzymes that modify lipid A by adding L-Ara4N and pEtN, respectively ( Fig. 1) (Zhou et al., 1999; Trent, 2001; Lee et al., 2004) . At the same time, PmrA posttranslationally regulates the LpxT activity via a small peptide PmrR which allows for increased pEtN addition (Herrera et al., 2010; Kato et al., 2012) . The modification of lipid A with positively charged amine-containing moieties can increase resistance to CAMPs by several orders of magnitude.
In comparison to other gram-negative organisms, V. cholerae El Tor strains possess a unique lipid A modification system that adds glycine or diglycine residues ( Fig. 1) (Hankins et al., 2012) . A unique feature of the V. cholerae lipid A structure is the presence of a secondary acyl chain at the 3 0 -position (C12:0) with a 3-OH group that serves as the site of glycine attachment (Hankins et al., 2011) . Notably, unlike other amino-residue modifications to lipid A, glycine addition does not occur on lipid A phosphate groups. Through a mechanism that resembles non-ribosomal peptide synthase modules, glycine modification requires three aminoacyl lipid modification (alm) genes termed almEFG that promote high levels of resistance to polymyxin through alteration of the bacterial surface charge . Deletion of any of the alm genes in El Tor strains results in > 100-fold decrease in polymyxin resistance. Although the classical biotype has the alm operon, the AlmF protein is not functional and results in the loss of glycine modification (Hankins et al., 2012) . The twocomponent regulatory system VprAB (Vibrio polymyxin resistance), also known as CarRS (Bilecen and Yildiz, 2009; Bilecen et al., 2015) , regulates almEFG expression. Important biological cues that are associated with pathogenesis including bile, mildly acidic pH and the presence of CAMPs, all influence VprAB signaling and alm expression (Herrera et al., 2014) .
Here we report that V. cholerae El Tor has maintained a second LPS modification to promote CAMP resistance through the addition of pEtN residues to the lipid A phosphate groups. We demonstrate that pEtN modification occurs in mildly acidic growth conditions and is dependent on a newly identified V. cholerae EptA pEtN transferase. Our results indicate that there is a coordinated control of LPS modification at the transcriptional level, but eptA expression is not regulated by the glycine modification transcriptional regulator VprA. We also identify functional EptA homologs in five non-cholerae Vibrio species (e.g., V. parahaemolyticus). The Vibrio EptA proteins are similar to pEtN transferases found in other pathogens including Neisseria meningitidis, Salmonella enterica, Campylobacter jejuni and pathogenic E. coli. Most striking is the fact that the EptA of the classical biotype is not functional, thus classical V. cholerae has lost the ability to remodel its lipid A with glycine or pEtN residues.
Results
Identification of EptA orthologs in V. cholerae In E. coli and Salmonella, lipid A modification with LAra4N and pEtN confer resistance to CAMPs, including the polymyxin antibiotics (Gunn, 2001 ). Although modifications similar to those found in E. coli and Salmonella are prevalent in other pathogens, in V. cholerae El Tor strains the addition of one or two glycine residues is sufficient for high levels of polymyxin resistance (Hankins et al., 2012) . Furthermore, most organisms have evolved complex patterns of LPS modification where modification enzymes are often regulated by environmental and physiological cues. Therefore, we investigated whether V. cholerae has additional LPS modification machinery that might contribute to antimicrobial resistance.
Using the NCBI database and BLASTp analysis (Camacho et al., 2009) , we identified EptA orthologs in both El Tor (strain C6706) and classical (strain O395) V. cholerae O1 biotypes (Supporting Information Table S1 ). VCA1102 in El Tor and VC0395_0141 in classical, are annotated as conserved hypothetical proteins. The genomic context for V. cholerae eptA of either biotype were similar; however, the El Tor genome contains an additional open reading frame (ORF), vca1103, downstream of the eptA gene. The El Tor vca1102 ORF contains 1,653 nucleotides yielding a predicted protein of 550 amino acids, whereas the classical vc0395_0141 gene has a nucleotide deletion mutation resulting in an ORF of 1509 nucleotides and a predicted protein of 502 amino acids as indicated in the NCBI annotation (Supporting Information Fig. S2 ). Further evaluation of the classical eptA nucleotide sequence using ORF finder (NCBI Database) identified an alternate reading frame of 1341 nucleotides resulting in a protein of 446 amino acids (Supporting Information Fig. S3 ). For convenience, herein we refer to Vca1102 as EptA C6706 , Vc0395_0141 as EptA O395-long and the protein derived from the alternate classical ORF as EptA O395-short . Both the El Tor and classical EptA proteins show homology to known lipid A pEtN transferases in various Enterobacteriacea including E. coli EptA, S. enterica EptA (PmrC), N. meningitidis EptA (LptA) and the recently described mobile colistin resistance pEtN transferase (Mcr-1) of Enterobacteriaceae (Supporting Information Table S1 ).
Like E. coli EptA, the Vibrio enzymes are clustered in a group of inner-membrane metalloenzymes (COG2194) composed of a five-helix transmembrane domain and a periplasmic catalytic domain grouped in the sulfatase family (Pfam0084). Structures of the catalytic periplasmic domain of several pEtN lipid A transferases have been reported (Wanty et al., 2013; Fage et al., 2014) , and recently the crystal structure of the full-length protein from N. meningitidis confirmed the fivetransmembrane domain architecture (Anandan et al., 2017) . In silico modeling for V. cholerae EptA topology with TMHMM (Krogh et al., 2001) and Protter (Omasits et al., 2014) predicted 5 transmembrane helices for the El Tor enzyme (EptA C6706 ) and 3 transmembrane helices for the classical homolog (EptA O395-long ) along with the soluble C-terminal periplasmic region (Supporting Information Fig. S3 ). The predicted topology for EptA O395-short showed two transmembrane helices and a similar periplasmic C-terminus domain (Supporting Information Fig. S3 ). Therefore, V. cholerae EptAs vary in the number of predicted transmembrane helices, but the periplasmic catalytic domains are identical.
V. cholerae El Tor EptA can modify lipid A
To determine if the number of transmembrane helices affects the function of V. cholerae EptAs, ORFs encoding EptA C6706 , EptA O395-long and EptA O395-short were cloned into the low copy number plasmid pWSK29 (see Experimental Procedures) and the resulting plasmids introduced into E. coli DlpxT DeptA. Since LpxT, the lipid A phosphotransferase, can partially inhibit EptA activity in E. coli and Salmonella (Herrera et al., 2010) the Vibrio EptA orthologs were expressed in W3110 with a deletion in lpxT. The E. coli eptA gene was also deleted to prevent any possible background pEtN transferase activity. Bacteria were grown in LB medium containing 32 P i and purified 32 P-labeled lipid A species evaluated by thin-layer chromatography (TLC). As expected, wildtype W3110 K-12 produces the typical hexa-acylated, bis-phosphorylated lipid A and a second species in which the 1-phosphate group is replaced by a diphosphate moiety ( Although the El Tor EptA was functional in E. coli, in previous work we did not detect pEtN-modified lipid A species in numerous El Tor isolates (Hankins et al., 2012) . Thus, we sought to determine if eptA is transcribed in both El Tor and classical strains by reverse transcription (RT)-PCR. Total RNA was extracted from cells grown in LB medium and cDNA synthesis was carried out as described in Experimental procedures. Primer sequences specific for eptA C6706 and O395-long or the housekeeping gene gyrA can be found in Supporting Information Table S5 . Genomic DNA (gDNA) from C6706 and O395 were used as positive controls to verify primer specificity and PCR product size ( Fig. 3 lanes  2 and 4) . A 946-bp PCR product corresponding to a partial fragment of eptA was detected when cDNA from either strain C6706 or O395 (Fig. 3 , lanes 3 and 5), whereas this PCR product was absent when cDNA was prepared from strain C6706 DeptA. Thus, eptA is transcribed in both V. cholerae biotypes.
EptA El Tor contributes to polymyxin resistance in the absence of glycine lipid a modification Lipid A modifications occur by coordinately regulated processes where the 1 and/or 4 0 -phosphate groups are the main sites for modifications that alter the net charge of the outer membrane (Trent, 2004) . EptA-dependent lipid A modification promotes polymyxin B resistance in microorganisms such as E. coli, S. enterica, N. meningitidis and C. jejuni (Whitfield and Trent, 2014) . The extent to which pEtN addition influences CAMP resistance depends upon the organism and if additional LPS modification systems are present. For example, in Campylobacter and Neisseria, modification of lipid A with pEtN is critical for polymyxin resistance, whereas in P. aeruginosa and S. enterica addition of L-Ara4N (Fig. 1 ) plays a larger role (Nowicki et al., 2014; . As shown previously by our group, glycinylation of V. cholerae El Tor lipid A is required for bacterial fitness in the presence of CAMPs (Hankins et al., 2012) ; however, EptA-dependent lipid A modification might also influence this phenotype. To examine this hypothesis, the effect of EptA C6706 expression on polymyxin resistance was evaluated in wild type El Tor and in a markerless DeptA mutant. Cells were grown in LB medium and the minimal inhibitory concentration (MIC) for polymyxin B was evaluated using a standard E-strip test (See Experimental procedures). When wild type and mutant cells carrying the pEptA C6706 were grown in LB medium, no difference in growth was observed (data not shown). C6706 and its derived DeptA mutant showed similar levels of resistance to polymyxin (MIC of 128 lg/ml) (Fig.  4 ) and ectopic expression of EptA C6706 did not substantially alter the MIC of either strain (Fig. 4) .
Although the classical EptA variants were shown to be non-functional ( Fig. 2 and Supporting Information Fig. S4 ), we tested if expression of El Tor EptA could promote polymyxin resistance in the classical background. Strikingly, expression of EptA C6706 increased polymyxin resistance over 40-fold in classical O395 (Fig.  4) . Since classical strains are deficient in glycinemodified lipid A, we performed a similar experiment in several El Tor C6706 mutants lacking glycinylated species; strains vprA::Tn, almE::Tn and almF::Tn (Hankins et al., 2012; Herrera et al., 2014) . In each case, expression of El Tor EptA provided increased resistance to polymyxin (16-24 fold) confirming that EptA C6706 is functional and can provide protection against CAMPs. It is important to note that expression of EptA cannot fully restore resistance to the levels seen in wildtype bacteria with an intact glycine-modification system. Deletion of eptA or its expression from a plasmid in multiple strain backgrounds did not influence the overall LPS profile as evaluated by SDS-PAGE (Supporting Information Fig.  S5 ), indicating that the differences in antibiotic resistance did not arise from truncations in the LPS structure.
EptA synthesis is not VprA-dependent and is induced under mildly acidic growth conditions In E. coli and Salmonella, activation of the transcriptional regulator PmrA leads to eptA expression and post-translational inactivation of LpxT. Since EptA and LpxT both modify lipid A phosphate groups, the coordinate regulatory response of PmrA leads to efficient pEtN modification (Herrera et al., 2010; Kato et al., 2012) . Thus, the prevalence of glycinylation over pEtN Tor biotypes of V. cholerae. Cells were grown in LB followed by DNA and RNA extraction. Reverse transcription (RT) PCR was carried out to verify eptA transcription. PCR products using specific primers for the eptA-target gene (Panel A) and the gyrAhousekeeping gene (Panel B), were amplified using the indicated templates. Genomic DNA template was used as a positive control for primers and amplified product sizes. For the negative controls (minus RT samples), cDNA without reverse transcriptase (RT) added was used as to verify that no DNA contamination had occurred. PCR products were separated in 1% agarose gel. modification of V. cholerae lipid A might imply that these LPS modification events share an analogous coordinate regulator. Since VprA regulates glycine addition to lipid A (Herrera et al., 2014) , we isolated RNA from wild-type El Tor and a vprA mutant grown in LB medium, and determined their respective transcript levels for the eptA gene. Quantitative PCR analysis indicated that eptA expression levels were similar in the two strains (Fig.  5A ) indicating that eptA regulation is VprA-independent.
Vibrio cholerae lives in different niches encountering a variety of environmental signals that promote specific behaviors or adaptation (Nelson et al., 2009) . During host colonization, this bacterium faces the highly acidic environment in the stomach and mildly acidic pH at the distal gut, conditions which modulate V. cholerae gene expression (Merrell and Camilli, 2002; Mandlik et al., 2011) . In Salmonella and E. coli, mildly acidic pH is a signal that activates two-component systems involved in lipid A modification (Perez and Groisman, 2007; Herrera et al., 2010) . We reported that V. cholerae El Tor downregulates expression of genes involved in glycine lipid A modification when grown at pH 5.8 (Herrera et al., 2014) . Accordingly, we tested whether eptA gene expression changes under mildly acidic pH 5.8. The wild type and vprA mutant strains were grown in LB medium buffered to either pH 7.0 or pH 5.8. Cells were harvested at mid-log phase followed by total RNA extraction. Relative mRNA expression was evaluated using qPCR, where eptA transcription was enhanced 10-fold at pH 5.8 compared to pH 7.0 in wild type cells (Fig.  5B) . Similarly, eptA transcription was upregulated in the vprA mutant background at pH 5.8 (approximately eightfold) relative to growth at pH 7.0 (Fig. 5B) . These results suggest that V. cholerae C6706 El Tor has a regulatory Phosphoethanolamine modification of Vibrio LPS 587 pathway that in mildly acidic conditions enhances eptA transcription. Furthermore, although VprA is the key regulator of lipid A glycine modification it does not regulate eptA transcription under these conditions. Since strains of the classical biotype cannot survive under mildly acidic growth conditions, similar experiments were not carried out for strain O395 (Yoon and Mekalanos, 2006) .
Phosphoethanolamine lipid A modification is enhanced under mildly acidic growth conditions in V. cholerae El Tor
To investigate the contribution of EptA to lipid A modification, lipid A species from wild type C6706 and derived strains were isolated and evaluated using matrixassisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry. Lipid A from wild type C6706 grown at pH 7.5 exhibited a minor peak at m/z 1755.5, characteristic of unmodified hexa-acylated lipid A found in V. cholerae biotype El Tor (Fig. 6A) . The predominant peak at m/z 1812.5 and the minor peak at m/z 1,869.3 correspond to glycine and diglycine addition respectively (Fig. 6A) . The additional minor peaks at m/ z 1784.2 (unmodified) and m/z 1839.5 (glycine-modified) represent minor species bearing an acyl chain that differs two carbons in length. A significant peak corresponding to pEtN addition was not found during growth at pH 7.5.
Evaluation of lipid from cells growth at pH 5.8 revealed a new species at m/z 1878.5 corresponding to the addition of a pEtN residue (Fig. 6B) . Consistent with our TLC data, deletion of eptA from strain C6706 resulted in the loss of pEtN modification (Fig. 6C) , whereas complementation restored pEtN addition (Fig.  6D ) to confirm EptA C6706 transfers pEtN to lipid A.
Complementation also resulted in detection of doubly modified species containing one pEtN group along with a glycine (m/z 1935.1) or a diglycine residue (m/z 1992.6). Furthermore, using the almE mutant which lacks all glycinylated lipid A, we demonstrated that EptA can efficiently modify both phosphate groups of V. cholerae lipid A. In the absence of glycine, growth at pH 5.8 resulted in predominant lipid species at m/z 1878.5 and 2002.1 corresponding to single and double modified pEtN species (Fig. 6E) . In sum, these analyses confirm that EptA C6706 is functional, up-regulates its expression at pH 5.8 promoting lipid A modification. Further, the results reinforce our previous observation that EptA increases resistance to polymyxin in the absence of glycinylated lipid A (Fig. 4) .
EptA orthologs in non-cholerae Vibrio species modify lipid a and mediate polymyxin resistance Vibrio species are found in a wide range of aquatic habitats and are frequently associated with marine organisms. Many non-cholerae Vibrio species are important bacterial pathogens and like V. cholerae are exposed to CAMPs of the innate immune response (DestoumieuxGarz on et al., 2014). Given the functional differences of the EptA proteins from the two V. cholerae biotypes, we sought to determine the functionality of the pEtN transferases in other Vibrio species. Using BLASTp, the EptA proteins of V. alginolyticus, V. fischeri, V. harveyi, V. parahaemolyticus and V. vulnificus were identified with all of proteins showing a high degree of similarity to the El Tor enzyme (Supporting Information Table S2 ). Similar to the El Tor EptA protein, in silico analysis using the TMHMM server (Supporting Information Table S3 ) predicts five transmembrane domains and a large C- Fig. 5 . V. cholerae eptA transcript levels increase under mildly acidic growth conditions. The expression of eptA was evaluated by RT-qPCR in wild type El Tor C6706 and vprA mutant strains. A. The data indicate that eptA transcription is not dependent on the transcriptional regulator VprA (CarR) during growth in LB. B. EptA expression is up-regulated during growth in mildly acidic conditions (pH 5.8) as compared to growth at pH 7.0. mRNA was isolated from bacteria grown in buffered LB (see Experimental procedures). All cells were harvested during mid-log phase and the data represent the average of three biological repetitions. (*) Statistical significance was calculated using t-test (P < 0.05) terminal periplasmic domain analogous to the published structure of the Neisseria enzyme (Anandan et al., 2017) .
To evaluate whether each EptA was capable of lipid A modification, each eptA ORF was cloned into plasmid pWSK29 and expressed heterologously in the E. coli W3110 DlpxT DeptA background. Like the EptA from El Tor C6706, non-cholerae EptAs were functional and all capable of adding one or two pEtN residues to the lipid A phosphate groups (Fig. 7) . Previous crystallographic studies determined that a conserved threonine residue is the catalytic nucleophile required for pEtN transfer, Thr280 in N. meningitidis EptA and Thr266 in the C. jejuni enzyme (Wanty et al., 2013; Fage et al., 2014; Anandan et al., 2017) . Based upon sequence alignment (Sievers et al., 2014) , a highly-conserved threonine residue is conserved in all Vibrio EptA sequences, Thr286 in the El Tor and V. parahaemolyticus EptA proteins (Supporting Information Figs. S1 and S6). Using sitedirected mutagenesis, Thr286 was substituted with the polar amino acid serine and the proteins expressed in the El Tor strain C6706 DvprA DeptA (Fig. 8) . Expression of the wild type enzymes EptA C6706 or EptA V.parahaemolyticus resulted in high levels of polymyxin resistance (96-128 lg/ml), whereas strains expressing the T286S EptA variants showed a 32 to 64-fold reduction in resistance (Fig. 8) . Thus, the Vibrio pEtN transferases also utilize a threonine residue as the catalytic nucleophile.
Discussion
Many pathogenic bacteria have developed multiple strategies to resist the antimicrobial response by infected hosts. Various gram-negative bacteria decorate the phosphate groups of lipid A by addition of aminecontaining moieties such as L-Ara4N, pEtN, or galactosamine that provide resistance to CAMPs (Pelletier et al., 2013; Whitfield and Trent, 2014) . Whereas some pathogens have evolved phosphatases that cleave the lipid A phosphate groups to reduce the negative charge of LPS, V. cholerae of the El Tor biotype use a different strategy, uniquely modifying lipid A by addition of one or two glycine residues to a secondary hydroxyl-acyl chain of lipid A (Hankins et al., 2012) (Fig. 1 ). This leads to > 100-fold increase in resistance to polymyxins and other CAMPs. By in silico analysis, we identified a pEtN transferase ortholog in V. cholerae biotypes El Tor and classical, displaying significant similarity with EptA proteins found in Enterobacteriaceae. Similar to other pEtN transferases, V. cholerae EptA is localized to the cytoplasmic membrane with a periplasmic domain harboring the catalytic site. Thus, modification occurs following LPS transport across the cytoplasmic membrane (Wanty et al., 2013; Fage et al., 2014; Stojanoski et al., 2016) . Here, we found the difference in El Tor versus classical lipid A modifications extend beyond glycine modification, where El Tor EptA transfers phosphoethanolamine to lipid A but classical EptA does not modify lipid A.
Lack of activity in classical strains could be due to the frameshift mutation in the O395 eptA chromosomal region that produced a premature stop codon. The resulting annotated eptA O395 ORF encodes a hypothetical protein that is 48 amino acids shorter as compared to the El Tor enzyme. The structure of the Neisserial EptA revealed five transmembrane helices (Anandan et al., 2017) that are commonly predicted in EptA proteins; however, the classical EptA is truncated at the Nterminus and lacks two transmembrane helices. These transmembrane helices could be important for lipid substrate recognition, or interact with LPS transport machinery to ensure efficient modification during transport through the periplasm. Although mutation at the chromosomal level is easy to recognize, more difficult is to infer whether the mutation disrupts gene function. In this scenario, the eptA O395 ORF is likely a pseudogene. Pseudogenes are common in bacterial genomes (Goodhead and Darby, 2015) . For instance, comparison between closely related Vibrio cholerae genomes predicts that 4.1% of identified genes are pseudogenes (Lerat and Ochman, 2005) . We further demonstrated that the classical eptA gene is transcribed, consistent with observations that annotated pseudogenes are often transcribed, as in Mycobacterium leprae (Suzuki et al., 2006) , and even translated, as in Yersinia (Schrimpe-Rutledge et al., 2012), albeit without apparent activity. Alternatively, EptA O395 may be functional, but lipid A may not be its enzymatic target. For example, in E. coli and Salmonella, two additional EptA homologs are involved in modification of the LPS core oligosaccharide (Reynolds et al., 2005; Tamayo et al., 2005) . The C. jejuni enzyme modifies the flagellar rod protein FlgG with a pEtN (Cullen and Trent, 2010; Cullen et al., 2012) . Although unlikely, it is possible that EptA of the classical biotype is functional but has a unique substrate that remains to be identified.
EptA C6706 displayed clear pEtN transferase activity resulting in single and double modification of lipid A phosphate groups, a similar pattern of substitution is employed by other gram-negative lipid A pEtN transferases (Zhou et al., 1999; Cox et al., 2003; Cullen and Trent, 2010; Nowicki et al., 2015) . In this study, we demonstrated that EptA C6706 contributes to polymyxin resistance in V. cholerae, although its phenotype is only evident under specific conditions. The contribution of pEtN lipid A decoration to CAMP resistance was only evident upon expression of El Tor EptA in the classical strain O395 or in El Tor strain defective in glycine modification (Fig. 4) . This data suggested that glycine addition to lipid A may prevent efficient pEtN substitution.
Although the current work provides important insight into pEtN modification in V. cholerae, the overall regulatory mechanisms governing eptA expression in this organism remain to be elucidated. Variation in pH often triggers changes in gene expression. Growth in mildly acidic pH activates synthesis of the PmrAB twocomponent system in Salmonella and E. coli (Perez and Groisman, 2007; Herrera et al., 2010) . PmrA, a major transcriptional regulator of lipid A modification, coordinately controls the phosphate group decorations, inducing ArnT and EptA synthesis and inhibiting LpxT activity (Gunn et al., 2000; Herrera et al., 2010; Kato et al., 2012) . V. cholerae modulates its response to acid stress in the stomach, providing an advantage for subsequent intestinal colonization (Merrell and Camilli, 1999) . VprA is the major regulator of genes mediating glycine lipid A modification at neutral pH (Herrera et al., 2014) . However, VprA is not involved in EptA regulation (Fig. 5) . We now establish that eptA transcription is up-regulated at pH 5.8 (Fig. 5B) , while the same condition downregulates VprA transcription (Herrera et al., 2014) . Although, glycinylated lipid A remains as the major species in the total lipid A pool, eptA upregulation produced single pEtN-lipid A species clearly detectable by mass spectrometry. Further, loss of glycinylation favored double pEtN substitutions (Fig. 6E) implying that pEtN and glycine decoration is a coordinated process. Possibly, a common regulator upstream of VprA provides hierarchical control of V. cholerae LPS modification (Fig. 9) . Recently, Bina and co-workers reported that ToxR controls VprA in a LeuO-dependent manner (Bina et al., 2016) . Both LeuO and ToxR are broad regulators of Vibrio pathogenicity (Shimada et al., 2011; Kazi et al., 2016) and deletion of either increases polymyxin resistance 3-fold in mid-log-phase cells. We investigated whether or not eptA expression was disrupted in either toxR and leuO mutants and found no change in eptA transcription by RT-qPCR (Supporting Information Table  S6 ). Given that vprA mutants show a 100-fold decrease in resistance, it is likely that additional regulators are involved in the coordination of lipid A modification systems.
Many non-cholerae Vibrio species are pathogens. They can cause infections through contact with skin Phosphoethanolamine modification of Vibrio LPS 591 wounds in human host or via contaminated seafood ingestion to produce gastrointestinal disease (Center for Disease Control and Prevention, 2014) . As a defense against pathogens, a diverse array of antimicrobial peptides are found within the skin and throughout the gastrointestinal tract (Gallo and Hooper, 2012) . This study identified EptA orthologs in multiple Vibrio species based on percentage of similarity and predicted topology (Supporting Information Fig. S6 , Tables S2 and S3) . We demonstrated that EptA in V. harveyi, V. alginolyticus, V. fischeri, V. vulnificus and V. parahaemolyticus display similar pEtN transferase activity compared to EptA C6706 (Fig. 7) . To support these conclusions, the predicted EptA conserved catalytic residues T286 (Supporting Information Fig. S6) were validated. Thus, we demonstrated that Threonine 286 is essential for EptA pEtN transfer activity on lipid A, and this modification confers resistance to CAMPS. In V. vulnificus, LPS core structure has been described and it comprises three pEtN residues (Vinogradov et al., 2009) . It is likely that the identified EptA V. vulnificus also targets another cell structure besides of lipid A similarly to the C. jejuni enzyme. Given that non-cholerae Vibrio species do not have complete homologs of the almEFG operon and have not been reported to contain glycine modified lipid A, it is likely that pEtN decoration of LPS is the primary mechanism of CAMP resistance in these organisms.
Lipid A modification systems are important virulence determinants and our laboratory has demonstrated that the V. cholerae AlmEFG machinery and the VprA regulator are important for bacterial fitness in a mouse colonization model (Herrera et al., 2014) . It is likely that EptA also contributes to fitness in a number of Vibrio species. Also of note is the fact that the recently identified plasmid-born mcr-1 gene encodes an EptA ortholog (Supporting Information Fig. S1 , Table S1 ) and provides resistance to colistin through lipid A modification (Liu et al., 2016; Stojanoski et al., 2016) . The highly transmissible nature of the plasmid harboring mcr-1 into diverse Enterobacteriaceae and the fact that colistin is a 'last-resort' antibiotic for gram-negative bacterial infections is of great concern. Finally, various bacterial glycoconjugates including LPS, teichoic/lipoteichoic acids and capsular polysaccharides are decorated with phosphoryl substituents (e.g., pEtN and phosphocholine). Although rare, these phospho-forms can also be found directly linked to proteins. These modifications are carried out by EptA homologs, or by enzymes structurally related to the lipid A pEtN transferases. Thus, the current work has broad relevance to our understanding of the assembly of bacterial surface structures and antimicrobial resistance.
Experimental procedures
Bacterial strains, plasmids and growth conditions All bacterial strains and plasmids are listed in Supporting Information Table S4 and Table S5 . V. cholerae strains were grown at 378C on LB broth or agar (Difco) or in G56 minimal medium at pH 7.5 or 5.8 (Hankins et al., 2011; Herrera et al., 2014) . When buffered LB was used, LB containing 100 mM HEPES or 100 mM Bis-Tris was adjusted to pH 7.0 or 5.8 respectively. V. parahaemolyticus and V. fischeri were grown in LB broth, V. vulnificus, V. alginolyticus and V. harveyi were grown in marine broth 2216 (Difco). All growth conditions were with aeration at 378C. E. coli strains were grown in LB. E. coli XL1 Blue was used for plasmid replication whereas SM10k pir was used for conjugation. Antibiotic ampicillin (100 lg/ml), chloramphenicol (30 mg/ml) and kanamycin (30 lg/ml) were used when appropriate.
Standard DNA and RNA methods Genomic DNA was isolated using the Easy DNA Kit (Invitrogen). Plasmid DNA was extracted with QIAprep spin Miniprep Kit (Qiagen). DNA fragments were amplified using Takara Ex Taq DNA polymerase (Takara) or Pfu Turbo DNA Polymerase (Agilent Technologies). PCR products were isolated and purified using QIAquick PCR gel extraction kit (Qiagen). Custom DNA oligonucleotides (see Supporting  Information Table S5 ) were purchased from Sigma-Aldrich. For cloning purposes, restriction endonuclease and T4 DNA ligase were obtained from New England Biolabs Inc. (NEB). The QuikChange site-directed mutagenesis system (Stratagene) was used to introduce in vitro point mutations following the manufacturer's instructions.
Total RNA extraction and reverse transcription and quantitative PCR Overnight cultures were diluted 1:100 in LB or in buffered LB and grown to OD 600 of 0.5. Cells were harvested, washed, diluted 1:5 in fresh medium and grown until they reached OD 600 of 0.5. Cells were harvested and total RNA was extracted using SV total RNA isolation system (Promega). Total RNA was treated with RQ1 RNAse-free DNAse (Promega) to eliminate DNA contamination. For Reverse Transcription (RT)-PCR, cDNA was synthesized using the high capacity cDNA reverse transcription kit (AB applied Biosystems), and used as the template for PCR reactions using Takara Ex Taq. For qPCR, 2X SYBR green PCR master mix (AB applied Biosystems) and specific primers (Supporting Information Table S5 ) were used. Data analysis was performed using a LightCycler 96 System (Roche). Relative expression was calculated as the ratio of the target transcript in comparison to a reference gyrA transcript using the Pfaffl method (Pfaffl, 2001 ).
Construction of chromosomal gene mutants
To construct the V. cholerae strain harboring the markerless eptA deletion (Supporting Information Table S4 ), the suicide vector pWMDeptA was conjugated from SM10k pir into C6706 as previously described (Donnenberg and Kaper, 1991; Metcalf et al., 1996) . To construct the C6706 DvprA DeptA double mutant, the suicide vector pWMDeptA was conjugated from SM10k pir into C6706 vc1320::Tn. To further eliminate the kanamycin resistant cassette, plasmid pCP20 was used (Supporting Information Table S5 ) (Datsenko and Wanner, 2000) . Deletion and knock out mutations were confirmed by PCR amplification using genomic DNA from candidate mutants. To construct the E. coli DY330 strain harboring an eptA in frame deletion, the k red recombination system was used as previously described (Datsenko and Wanner, 2000) . Primer design for the linear cassette was based on a 20-bp target region of plasmid pDK4 to amplify the kanamycin resistance cassette and a 50-bp region homologous to the chromosomal region (Supporting Information Table S5 ). Short fragments of 27-bp at the 5 0 end and 24-bp at the 3 0 end of the eptA ORF were left. PCR amplification and cells transformation has been described previously (Herrera et al., 2010) . P1 vir phage transduction was then used to move the mutation into W3110, resulting in strain W3110 DeptA. The DlpxT from MST01 was subsequently introduced into W3110 DeptA via P1 transduction, resulting the strain W3110 DeptA DlpxT. All deletions were confirmed by PCR of genomic DNA.
Plasmid constructs
For construction of the suicide vector containing the markerless deletion of eptA, C6706 genomic DNA was used as template for PCR. Primers UpeptAF/R (Supporting Information Table S5 ) were designed to amplify a 553-bp region, which included 538-bp upstream of eptA and 15-bp at 5 0 end of the ORF. Additionally, primers downeptAF/R (Supporting Information Table S5 ) were used to amplify 398-bp downstream of eptA with additional 230-bp at 3 0 end of the ORF, resulting in a 628-bp amplicon. Longer regions at 3 0 end was left to avoid any disruption of a possible regulatory region of the downstream gene. PCR products were annealed and amplified by the splicing by overhang extension (SOE) PCR method Horton (Horton et al., 1989) using primers UpeptAF/downeptAR (Supporting Information Table  S5 ). The resulting 1,181-bp amplicon was subcloned into pGEM-Teasy vector (Promega). The DNA fragment containing the unmarked deleted gene was digested with ApaI and SpeI restriction enzymes and ligated into the plasmid Phosphoethanolamine modification of Vibrio LPS 593 pWM9 (Metcalf et al., 1996) , creating the pWMDeptA plasmid (Supporting Information Table S4 ).
For complementation and heterologous expression of eptA coding regions, we amplified the eptA ORFs using as template genomic DNA from V. cholerae El Tor C6706, V. cholerae O395, V. parahaemolyticus, V. harveyi, V. vulnificus, V. fischeri and V. alginolyticus and primers indicated in Supporting Information Table S5 . All the PCR products contained an additional 16-bp upstream corresponding to RBS from pET21a. PCR products were digested with restriction enzymes BamHI and EcoRI and cloned into the low copy number plasmid pWSK29 (Wang and Kushner, 1991) . The resulting plasmids (Supporting Information Table S4 ) were replicated in E. coli XL1 blue. The codon for threonine 286 within the active site was substituted with codon for serine in the plasmid pEptA C6706 and pEptA V. parahaemolyticus using the QuickChange kit and the primers VCT286S F/R and VPT286S F/R respectively (Supporting Information Table  S5 ). The accuracy of all plasmids was confirmed by sequencing analysis (Georgia Genomics facility, University of Georgia).
Determination of polymyxin B minimal inhibitory concentration
Overnight cell cultures were diluted 1:100 into fresh LB medium. Cultures were grown to OD 600 0.5. A new 1:10 dilution was performed and cells were plated immediately on LB agar containing proper antibiotic and 0.1 mM IPTG where necessary. A polymyxin B E-Test gradient strip (Biom erieux) was applied onto inoculated plates and evaluated after overnight incubation at 378C.
Isolation and analysis of lipid A and LPS
For isolation of lipid A, bacteria were grown at 378C until an OD 600 of 0.8 to 1.0. Lipid A chemical extraction was carried out after mild acidic hydrolysis of LPS as previously described (Zhou et al., 1999; Herrera et al., 2014) . Lipids were analyzed by either mass spectrometry or by thin-layer chromatography as previously described (Herrera et al., 2010) . For visualization of lipid A species by thin-layer chromatography (TLC), 2.5 lCi ml 21 32 P i (Perkin Elmer) was included in the culture media. For mass spectrometry, lipids were analyzed using MALDI-TOF (ABI 4700 Proteomic Analyzer) in the negative-ion linear mode similar to previously described (Henderson et al., 2013) . For the analysis of LPS, all strains grown in LB were normalized to OD 600 of 1.0 in a final volume of 100 ll. Whole cells were treated with proteinase K as described by Hitchcock (Hitchcock and Brown, 1983) . Samples were separated by 4-12% SDS-PAGE followed by gel staining using Pro-Q Emerald 300 lipopolysaccharide gel stain kit (Invitrogen).
